This paper deals with the determination of temperature distribution, bending moments and the resulting thermal stresses in a functionally graded thin rectangular plate under unsteady temperature distribution. All the material properties except density and Poisson's ratio are considered to be dependent on the temperature. The temperature dependent three dimensional heat conduction equation is simplified by introducing Kirchhoff's variable transformation. The resultant heat conduction equation is solved by integral transform method. Numerical calculations are carried out and are depicted graphically.
Introduction
A functionally graded material (FGM) is a material in which the composition and structure gradually changes resulting in a corresponding change in the properties of the material. FGMs are typical non homogeneous materials which are mainly designed and developed to withstand extreme temperatures and have been used in many fields for reducing the thermal stresses and improving the mechanical durability. For example, a ceramic-metal FGM, carry the advantages of both the materials and exhibit excellent features like high strength, toughness, bonding capabilities, durability along with resistance to heat and oxidation. Reddy [1] has given brief analysis of functionally graded plates. Most of the researchers used temperature independent material properties to analyze FGM plates. Cheng et al. [2] established exact relationship between the deflection of the functionally graded plate and that of an equivalent homogeneous Kirchhoff plate and used this relationship to explicitly express the displacements of a plate particle according to the first-order shear deformation theory in terms of the deflection of a homogeneous Kirchhoff plate. Ootao et al. [3] determined the transient thermoelastic analysis of an orthotropic functionally graded rectangular plate by assuming the material constants to vary exponentially in the thickness direction. Some authors [4, 5] studied thermoelastic analysis of simply supported rectangular plate to determined the temperature distribution and thermal stress components. Fedosin [6] derived the equation of motion for viscous compressible and charged fluid from the principle of least action. Kedar et al. [7] used quasi-static approach to study inverse heat conduction problem of a semi-infinite hollow circular cylinder from the knowledge of temperature distribution within the cylinder. Tripathi et al. [8] formulated a two dimensional problem for an infinite thermoelastic half space and studied the thermoelastic response due to a heat source whose magnitude varies periodically with time within the context of Lord-Shulman theory. Ramousse et al. [9] proposed routes for thermoelectric heat pump design based on Entropy Generation Minimization. Swaminathan et al. [10] presented the evaluation of temperature dependent and independent effective material properties for a FGM plate based on power law function.
High temperature environments have significant effect on constituent materials and hence it has to be considered during the evaluation of material properties across the plate thickness. While evaluating temperature dependent properties both position and temperature dependent material properties are evaluated for modeling the material. Hence the study of thermoelastic problems with temperature dependent material properties is important. In the thermo-inelastic problems, one must perform more accurate analysis of the practical problems (weld, heat treatment, metal forming, etc) taking account of the temperature-dependent material properties by use of numerical procedures. The study of FGMs and homogeneous materials with temperature dependent material properties was carried out by many researchers [11] [12] [13] . Popovych et al. [14] [15] [16] carried out thermoelastic analysis of different thermosensitive bodies. Awaji et al. [17] presented a numerical technique for analyzing one-dimensional transient temperature and stress distributions in a stress-relief-type plate of functionally graded ceramic-metal based materials (FGMs), in relation to both the temperature-dependent thermal properties and continuous and gradual variation of the thermo-mechanical properties of the FGM. Wang et al. [18] determined transient temperature field and its associated thermal stresses in FGMs by a finite element/finite difference (FE/FD) method by taking temperature-dependent material properties. Kushnir et al. [19, 20] discussed problems of thermoelasticity on thermosensitive solids under complex heat exchange.
Moosaie [21] presented an exact analytical solution to the axisymmetric heat conduction equation for hollow spherical objects with temperature-dependent thermal conductivity. Nikolarakis et al. [22] considered the one-dimensional coupled problem of linear thermoelasticity of a NickelZirconia functionally graded thermal barrier coating and numerically investigated the effect of the type of distribution of the FGM's properties on the thermomechanical response of the Nickel-Zirconia profile. Recently, Popovych et al. [23] proposed a procedure of getting analytic expressions for the description of axisymmetric stationary thermal fields, axisymmetric static or quasi static stress and strain fields in long hollow multilayer cylinders made of thermally sensitive materials with constant normal loads and arbitrary classical conditions of heat exchange specified on the bounding surfaces.
In this paper, we have considered transient thermoelastic problem of a functionally graded thin rectangular plate occupying the space ,
Here c is the thickness of the plane whose median plane lies in the xy-plane, with z denoting the distance from this plane. The temperature distribution is determined using integral transform technique. The effects of stress resultants on thermal stress functions are presented. For theoretical treatment all physical and mechanical quantities are taken as dimensional, whereas for numerical analysis we have considered non-dimensional parameters. Numerical analysis are carried out for ceramic-metal-based FGM, in which alumina is selected as ceramic and nickel as metal.
Statement of the Problem
We consider a functionally graded rectangular plate occupying the space ,
. The three dimensional heat conduction equation of a simply supported rectangular plate with internal heat source in the transient state is given as [15] 
We consider a simply supported rectangular plate with dimension b a  subjected to thermal load. The fundamental equation and the boundary conditions in the Cartesian coordinate system are given by
Here  is the deflection, T M is the thermally induced resultant moment, D is the bending rigidity of the plate, ) (T E and  are respectively, Young's modulus and
Poisson's ratio. The resultant forces and moments (or stress resultants) are defined as [5] :
The stress components interms of stress resultants are given by [5] xy xy
Here ) (T  is the coefficient of linear thermal expansion. Eqs. (1) to (8) constitute the mathematical formulation of the problem under consideration.
Solution of the Problem
Following [13] , we assume that thermal conductivity and heat capacity of the plate have the form
where 0  and 0 C are the reference values of thermal conductivity coefficient and heat capacity respectively.
Introducing the Kirchhoff's variable [14, 15, 16, 17] ,
We obtain equation (1) with variable  as
where the thermal diffusivity depends on the temperature incidentally and is assumed as constant given by ) / (
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The initial and boundary conditions are expressed by surfaces boundary all at 0
Following [24] and applying the integral transforms and inverses in Eq. (11) using conditions (12), we obtain 
The transcendental equations are
Applying variable inverse transformation from  to T (See Appendix A), the temperature distribution in Eq. (13) becomes:
To find the moments T M and T N , we take,
Using Eq. (18) and (19) 
Using Eq. (20) , the governed expression for deflection  so as to satisfy Eq. (3) is obtained as
Using Eqs. (20) and (22), the stress resultants from equation (6) are obtained as Using the stress resultants given by Eqs. (23), (24) and (25) in Eq. (7), the stress components are obtained as 
Special Case
Following [5] , we consider an instantaneous point heat source of strength g0 situated at a point x0, y0, z0 inside the solid releasing its heat spontaneously at time t=
Substituting these values in Eqs. (18) to (22) and (26) to (28), we obtain 
Numerical Results and Discussion
Following [17] , we consider a model of a ceramic-metalbased FGM, in which alumina is selected as the ceramic and nickel as the metal.
For numerical computation, we introduce the following nondimensional parameters. a= 5cm, b= 4cm, c= 1cm, t= 2sec , reference temperature TR= 32K. From the graph it is seen that the nature is bell shaped. The absolute value of temperature is low near all the boundaries satisfying the specified boundary conditions and is zero at both the ends along both axes. It is slowly increased in the region 0 ≤ ̅ ≤ 0.6, 0 ≤ ̅ ≤ 0.4 and then decreased suddenly. That is the temperature dependent thermal conductivity is weak in the beginning, moderate at the centre and strong at the end. Due to the accumulation of thermal energy at the central part of the plate, high magnitude of temperature is observed. We also observe that the magnitude of temperature is high along x-axis as compared to that of y-axis. Figures 2(a) and 2(b) shows the variation of dimensionless deflection along x-axis and y-axis for different values of ̅ and ̅ respectively. It is seen that the absolute value of deflection is decreasing along both axes in the central region of the plate. Also the deflection has high magnitude near both boundaries along both axes. Also no deflection is observed at both the ends. 
Conclusion
In this paper, we have determined the temperature distribution, resultant moments, deflection and the corresponding thermal stresses of a functionally graded thin rectangular plate. The material properties viz. thermal conductivity, specific heat capacity, coefficient of thermal expansion and Young's modulus are taken to be temperature dependent, while density and Poisson's ratio were taken constant. The conductivity equation is solved by introducing Kirchhoff's variable transformation. The temperature distribution is determined by solving the resultant HC equation using integral transform technique. Numerical analysis are carried out for ceramic-metal-based FGM, in which alumina is selected as ceramic and nickel as metal.
During our analysis, the following results were obtained.
(i) The nature of temperature distribution and deflection was observed to be bell shaped when plotted along x-axis and y-axis for different values of ̅ and ̅ respectively. This is because, no heat is supplied at all the boundary surfaces as given in equation (2) . Due to initial temperature and internal heat source, heat is accumulated at the centre of the plate causing expansion and hence the temperature distribution is dome shaped.
(ii) The nature of all the stresses was sinusoidal when plotted along x-axis and y-axis except for the stress  ̅ along x-axis, which was observed to be exponential. (iii) By varying the time parameter t, it was observed that the nature of all graphs was exponential and the absolute values of temperature, deflection and thermal stresses were increased.
(iv) Particular cases of special interest can be studied by assigning suitable values to the temperature dependent material parameters in the equations of temperature and thermal stresses as well as by taking some different types of heat source and heat flux.
(v) The applications of FGMs with temperature dependent material properties are usually found in high temperature environments like nuclear components, space craft structural members, thermal barrier coatings etc. which can incorporate extremely incompatible conditions.
